We proposed recently the computation of epileptic connectivity graphs based on wavelet correlation coefficients between EEG signals. The suspected epileptiform electrodes are recognized using the clustering of the topological properties of the graph that can be useful for pre-surgical studies. Here, we present a method for comparing epileptic networks estimated from scalp and intracranial EEG (IEEG) in partial epilepsy patients. The results are presented for a patient with left temporal epilepsy. Good spatial correspondence between the IEEG and the scalp EEG epileptic graphs is obtained. These results are consistent with the patient's clinical diagnosis.
INTRODUCTION
Drug resistant epileptic patients are recommended to undergo resective surgery. The pre-surgery evaluations are supposed to result in the localization of the presumed source of seizures and thus to optimally determine surgical candidate regions. There are already methods for epileptic neuronal source localization [1, 2] , such as inverse problem methods [3, 4] and network analysis [5, 6] . The question of identifying epileptic brain structures and their inter-connections remains open. The problem of characterizing structures with leading role in the epileptic activities is also remained unsolved. Here, we try to take step toward answering such questions. To this end we proposed a method based on the connectivity analysis for identifying epileptic sources and their primary and secondary inter-relationships.
Proposed connectivity measures in the literature can be divided into linear and non-linear methods. These two categories are compared in [5] . One problem of the linear methods like coherence function from the fast Fourier transform is characterized by high bias and variance. Filtering signals in frequency bands has suggested to address this problem We gratefully acknowledge Ippeita Dan for providing the 10/20, 10110,and 10/5 systems MNI coordinates of the scalp EEG.
978-1-4244-4948-4/09/$25.00 © 2009 IEEE [7, 8, 9] . Whitcher et al. [7] proposed the MODWT [10] correlation coefficients as a connectivity measure. Ansari et al. [9] also proposed the square of correlation coefficients between EEG signals filtered in narrow and overlapping frequency bands. The authors compared this measure with a standard estimator based on the coherence function showing better statistical performances (bias and mean squared error). Nonlinear methods can measure the possible nonlinear associations. Wendling et al. [5] presented the connectivity graph based on nonlinear regression during the transition from pre-ictal to seizure activity. The authors computed nonlinear correlation coefficient between each IEEG channel pair for periods of 10 seconds for each state (preictal period, ictal period, after termination of seizure). The nonlinear measure varied along these states. However, they showed that frequency-independent nonlinear methods like nonlinear regression, and methods using averaging over the frequency can not recognize the associations highly localized in frequency.
We used the MODWT correlation coefficients measure [7] with slightly improvement for our application. This measure does not have strong bias and variance as described above. Moreover, the wavelet coefficients have the same time sample size as input signal, since there is no decimation (of course the bordering effect should be considered). This property provides efficient time-frequency presentation of EEG signals. Time-frequency information of epileptiform and non-epileptiform time intervals from scalp EEG and IEEG signals is integrated into a differential connectivity graph [11, 12] , discriminating connections between epileptic and non-epileptic states. These differential connections are chosen by a statistical test over the wavelet correlations of all of epileptiform and non-epileptiform time intervals to increase the robustness of the outcome. Extracted features from the differential graph are used to localize the suggested epileptic electrodes. The time causality between these electrodes is studied to identify the leading brain regions during the epileptic activity. Source localization by the scalp EEG graph analysis is to determine the electrodes close to the epileptic sources. This information as well as other physiologically related knowledge like MRI, tMRI, seizure semiology may be useful for the IEEG implantation planning. Furthermore, proposed leading epileptic brain tissues suggested by the IEEG graph analysis as well as other clinical knowledge can be helpful for resection surgical planning.
The paper is organized as follows. In Section 2, we describe the data protocol, and computing the directed epileptic graphs (DEG) computation. Section 3 is devoted to experimental results of the method from the scalp EEG and the IEEG signals. The DEG results and standard clinical evaluation are also compared. Concluding remarks are presented in Section 4.
MATERIAL AND METHODS

Data
The IEEG recordings were obtained from a 31 year old male with left temporal lobe epilepsy. He had the first seizure at the age of seven years. The standard clinical diagnosis using his scalp EEG showed an interictal spiking activity involved not only in the left temporal lobe, but also in the basal frontal and insular cortex. The patient underwent evaluation for resection surgery with the IEEG recordings [13] . He is seizure free after left temporal lobectomy surgery.
Eleven to fifteen semi-rigid multi-lead intracerebral electrodes with 0.8 mm diameter were bilaterally implanted in suspected seizure origins based on clinical considerations. The multi-lead electrodes (Dixi, Besancon, France) include 5, 10, 15 or 18 leads evenly spaced every 1.5 mm. Each lead has 2 mm length. The IEEG were recorded with an audiovideo-EEG monitoring system (Micromed, Treviso, Italy) with a maximum of 128 depth-EEG channels and digitized at 512 Hz. The electrode leads were recognized on the patient's implantation scheme (part (a) of Fig. 1 ), and localized in the MNI atlas. Bipolar derivations were considered between adjacent leads within each electrode. For simplicity, these derivations are shown as e; instead of ei+l -e., Scalp EEG recordings were recorded with 18 bipolar electrodes (according to the 10/20 standard (part (b) of Fig. 1) ). Signals were digitalized with a sampling rate of256 Hz (Micromed). The MNI 10/20 system coordinates [14] is used for scalp EEG graph presentation. The bipolar derivations are shown as eiej (i i-j) instead of ej -e., Here, we focused on bipolar derivations in both scalp and intracranial EEG recordings. The bipolar derivation may provide more correctly measure differences of potentials between two recording electrodes [15] .
Directed epileptic graph (DEG) computation
Here, we explain the different steps of DEG computation approach. DEG is a directed graph between suspected epileptic sources.
• Interictal epileptiform discharges (lED) and nonlED detection: The lED signals are detected manually by the expert neurologist. The start and end of lED signals is marked as lED labels. The non-lED labels are the time intervals without lED signals.
• Wavelet transform: Wavelet transform is chosen due to its good advantages over Fourier transform techniques for the EEG analysis [16] . The MODWT [10] is applied on the EEG data for two reasons: 1) to remove the low frequency trends and noise; 2) to compute the connectivity graph in different frequency bands. The lED signals of different patients and different lED types have different frequency distributions. The related frequency bands can be selected through computation of the connectivity graph for all of the scales in the wavelet domain. The scale giving the maximum number of connections is chosen in this study. However more than one frequency band (frequency bands giving considerable number of connections) can be studied.
• Differential connectivity graph (DeG) computation [11, 12] : The MODWT coefficients in selected frequency band is segmented as lED (non-lED) segments due to lED (non-lED) time intervals (labels).
We assume N-dimensional stationary lED and non-
is the length of each lED (nonlED) segment.
The MODWT lagged correlation coefficients [7, 9] 
where P is the number of source cluster electrodes, i, j == 1, ... , P. Cij is the entry of the adjacency (or timed causality) matrix C E IR. P x P . Cij(i<j) is negative (positive) when there is an edge from i to j (from j to i). The node with maximum out-degree and in-degree can be considered as source and target of DEG, respectively. Origin of lED source may rise from some brain tissues and then propagate to other regions. Due to this assumption, identification of source and target nodes of source cluster electrodes is important. The timed causality determines the direction of the connections in the epileptic graph and its absolute value defines the weights of the connections.
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• In-degree and out-degree: A simple topological quantification of the nodes of the DEG can be obtained by in-degree and out-degree measures [20] . The indegree d~n, and out-degree d?ut of a node i is respectively the number of ingoing and outgoing edges incident to the node:
Hi: in lED and non-lED segments using the following hypothesis:
• Timed causality: In order to determine the directions of the epileptic graph connections, the timed causality relations between the epileptic candidate pair electrodes are calculated.
We assume P-dimensional non-stationary observations of the EEG in selected frequency band (MOD- and L are the number of source cluster electrodes and
• Source localization:
The topological properties of the positive and negative DCGs are calculated using local and global efficiencies (LE and GE) [19] . LE and GE are calculated for all of the nodes (channels) in positive and negative DCGs. The power t-values (the power t-values between the lED and the non-lED segments in the related frequency band) are also calculated [11] . The scalp EEG electrodes or the IEEG electrode leads are clustered by the k-means method using a five-dimensional feature space (GE, LE of the positive and negative t-value graphs, and the power t-value). The within cluster sum of squares is minimized to divide the N nodes (channels) in five-dimensional space in to three clusters. The number of clusters is experimentally set to three. The features are normalized and their values are between zero and one. Source cluster (cluster including the suspected epileptic electrodes) is labeled prior physiological knowledge. By visual inspection, the channel (bipolar) containing most important lED signals is chosen by expert neurologist. The cluster including this channel is labeled as source cluster. The epileptic graph is a subgraph of the DCG which contains the connections between the source cluster electrodes. 
RESULTS AND DISCUSSION
The proposed method is applied on five partial epilepsy patients' EEG data. Here, we report the results of the method in a left temporal lobe epilepsy EEG data (Scalp and intracranial EEG). The parameters of the method are summarized in Table 1 . Parts (a-b) of Fig . I are the implantation scheme of the IEEG electrodes (sagittal view) and 10120 system scalp EEG electrodes' placements, respectively. the absolute values of yma x defined in the following of (5) in Section 2.2. yma x is the time delay related to the maximum wavelet correlation coefficient between long (more than one hour recording with sampling frequency equal to 512 Hz) and noise free (wavelet coefficients of the related frequency band (2-4 Hz) are assumed to be noise free) signals [21] . Here we used the theoretical constraint (I) for calculating ymax. Of course concerning the approximate max- imum and minimum nerve conduction velocity and the distance between electrodes may provide more accurate physiological constraints [15] . However the connections are not necessarily direct which complicates the determination of these constraints. Here , the sign of T m a x is used to define the direction of epileptic graph connections.
The visual inspection of interictal spiking on the scalp EEG and clinical data (seizure semilogy analysis) of the left temporal patient suggested the involvement of the left ternporallobe, with secondary propagation to basal frontal cortex through insular cortex. After the confirmation of presenting hypothesis by means of lEEG recording (interictal and ictal recordings), the patient underwent left temporal T m a x between temporo-occipital and temporo-basal regions (7.8 msec). As can be seen in Table 2 , temporo-basal region (target) has the maximum in-degree, and temporal lobe (source) have the maximum out-degree. Since the connection between temporal lobe (t3t5) and temporo-occipital region (t501) is time concurrent, this edge is not considered in degree computation. Temporal lobe ({t3t5, t501}, presumably t5) and temporo-basal region could be primarily and secondarily involved by the epileptic discharges, respectively. In the intracranial DEG, amygdala (source) and temporal pole (target) have the maximum out-degree and in-degree, respectively ( Table 2 ). It means that amygdala could contain the main epileptic source, while temporal pole might receive the secondary propagated lED signals. Such proposition would be very challenging to detect visually. The extracted information may be a step toward better understanding of the interactions between epileptic zones and therefore towards enhanced pre-surgical studies to restrict patients' resected regions while insuring the patients' treatment.
CONCLUSION
We studied the connectivity graph of suggested epileptic sources from the scalp and intracranial EEG of epileptic patients. We computed the connectivity graph using time and frequency properties of EEG signals. Using graph characterization, suspected leading epileptic electrodes (from the scalp EEG) and electrode contacts (from IEEG) can be suggested prior to the planning of the IEEG electrodes implantation and resection surgery, respectively. The future work is to concentrate on more accurate topological quantification of the directed epileptic graph to identify source and target brain regions. In other words, we can estimate the probability of resecting each suspected source brain tissues by means of quantifying if the epileptic zone rises (source) or receives (target) the lED signals.
